Parasitic nematodes show levels of genetic diversity comparable to other taxa, but the functional consequences of this are not understood. Thus, a large body of theoretical work highlights the potential consequences of parasite genetic diversity for the epidemiology of parasite infections and its possible implications for the evolution of host and parasite populations. However, few relevant empirical data are available from parasites in general and none from parasitic nematodes in particular. Here, we test two hypotheses. First, that different parasitic nematode genotypes vary in life-history traits, such as survivorship and fecundity, which may cause variation in infection dynamics. Second, that different parasitic nematode genotypes interact within the host (either directly or via the host immune system) to increase the mean reproductive output of mixed-genotype infections compared with single-genotype infections. We test these hypotheses in laboratory infections using genetically homogeneous lines of Strongyloides ratti. We find that nematode genotypes do vary in their survivorship and fecundity and, consequently, in their dynamics of infection. However, we find little evidence of interactions between genotypes within hosts under a variety of trickleand single-infected infection regimes.
INTRODUCTION
Numerous genetic studies of parasitic nematodes have demonstrated the existence of substantial genetic diversity at polymorphic molecular markers (Anderson et al. 1998; Paterson & Viney 2000) . These markers have been used to show that individual hosts harbour infrapopulations of nematodes (Anderson et al. 1998; Fisher & Viney 1998) . However, the functional consequences of this genetic diversity within infrapopulations for the biology and epidemiology of parasitic nematode infections are poorly understood. A priori, genetic diversity will provide the basis for heritable, phenotypic variation between parasitic nematodes. Two types of phenotypic variation are likely to be of particular relevance. First, parasitic nematodes may vary in life-history traits, such as survivorship and fecundity (Pozio et al. 1992) . Second, parasitic nematodes may vary in antigens available to their hosts and this, combined with antigen-specific immune effectors, may result in parasite genotype-specific immune effects (Read & Viney 1996) . Two, not mutually exclusive, hypotheses about the functional consequences of genetic variation between individual parasitic nematodes can therefore be generated.
The first is that different parasitic nematode genotypes vary in life-history traits such as their within-host survivorship and per capita fecundity. These life-history traits are major determinants of the infection dynamics of parasitic nematodes, as parasite survivorship will strongly affect the persistence of an infection within a host and parasite fecundity will strongly affect transmission (Anderson & May 1992) . Such variation in life-history traits is also likely to have important population-level consequences. Thus, variation between hosts in their level of exposure and/or susceptibility can act to stabilize the long-term dynamics of parasite populations (Anderson & May 1978) . Variation in parasite life-history traits has received relatively little attention, but may have a similar role in stabilizing the dynamics of parasite populations. Some support for the hypothesis that genetic variation for parasite life-history traits exists is provided by the observations that different isolates of Trichinella exhibit different dynamics of infection (reviewed in Wakelin & Goyol 1996) . For example, Trichinella isolates from Arctic wolverines and polar bears in the Arctic showed a lower reproductive output than isolates derived from rodents in temperate regions (Belosovic & Dick 1979; Chadee & Dick 1982) . However, reproductive output was assayed in laboratory mice and so this difference may represent variation in host specificity rather than variation in life-history traits representative of a natural infection within a single-host species. Parasite isolates are also likely to adapt to laboratory conditions and to passage in laboratory animals (Read & Viney 1996 ) and may therefore not be representative of genotypes occurring naturally in the wild.
The second hypothesis is that parasitic nematodes of different genotypes interact within the host. A likely mechanism for any such interaction is via genotype-specific host immune responses (Read & Viney 1996) , which are elicited by, or effective against, specific nematode genotypes. This has received little attention although there is limited evidence from Trichinella, where genotype-specificity of host immune responses has been observed. Thus, antigen preparations from homogenized muscle larvae derived from one isolate (London) protected laboratory mice against subsequent challenge from both itself and another isolate (Spanish), whereas antigens from the Spanish isolate provided protection to a challenge with the London isolate, but not against itself (Goyal & Wakelin 1993) . However, so far, there is a general lack of data on the Interactions between nematodes of different genotype may also affect the degree of parasite aggregation, as it is not unreasonable to hypothesize that hosts may vary in various immune parameters that in turn cause variation between hosts in the magnitude of genotype-specific interactions. Previous epidemiological work stresses the importance of understanding the proximal causes of aggregation so as to understand the processes regulating parasite population dynamics (Anderson & May 1978 ) and so link individual-level infection processes with the populationlevel consequences of these processes.
Here, we use a laboratory model to address the functional consequences of parasite genetic diversity for lifehistory variation and for genotype-specific interactions in nematode infections.
MATERIAL AND METHODS

(a) Study system
Strongyloides ratti is a parasitic nematode that naturally infects rats (Dawkins 1989) . Parasitic stages are female only and produce eggs by mitotic parthenogenesis (Viney 1994) , which are passed in the faeces and can then develop by one of two developmental routes (Viney 1996; Harvey et al. 2000) . In homogonic development, eggs develop directly into infective third-stage larvae (iL3s). In heterogonic development, eggs develop into freeliving males and females, which mate and produce eggs that develop into iL3s. All parasite lines used were generated from a single iL3 and thus are known as isofemale lines (Viney 1996; Tindall & Wilson 1988) method of maintenance (Viney et al. 1992 ) are shown in table 1. Previous work has shown that the unusual life cycle of S. ratti has no apparent effect on the genetic structure of S. ratti populations, i.e. parasite genotypes are found in Hardy-Weinberg proportions and low levels of genetic differentiation are found between sites in the UK (Fisher & Viney 1998) . All infections were established by sub-cutaneous inoculation of iL3s. Food and water were available ad libitum. Faeces were collected overnight and cultured as described previously (Viney et al. 1992) .
The total reproductive output of an infection was determined by counting the number of worms present in cultures of faeces (Paterson & Viney 2002) . The number of adult worms in a host was determined directly by observation of the gut of sacrificed animals from which food had been previously withdrawn for 16 h (Gemmill et al. 1997; Paterson & Viney 2002) . Taken together, these measures allow us to calculate the life-history traits 'SURVIVORSHIP' and 'FECUNDITY'. The average SURVIVORSHIP of an adult worm to time t is the number of adult worms in the gut at time t divided by the inoculating dose; the average per capita FECUNDITY of an adult worm at time t is the total reproductive output divided by the number of parasitic females in the rat at time t.
(b) Variability between lines in infection dynamics
Five groups each of 16 Lewis rats (Harlan) were infected with 25 iL3s of ED5, ED43, ED391, ED399 or ED410 (table 1). All of these lines are maintained, and develop predominantly by the homogonic route. A dose of 25 iL3s was chosen because this is, approximately, the average infection intensity of S. ratti in the wild (Fisher & Viney 1998) . A total of 80 rats were used in four blocks, each containing 20 rats. These blocks were separated in time to maintain the number of animals used at any given time at a manageable level. Rats were faecally sampled and sacrificed to determine SURVIVORSHIP and FECUNDITY as follows: (i) in blocks one and two, all rats were sampled and sacrificed at day 23 post-infection (p.i); (ii) in block three, 10 rats were sampled and sacrificed at day 6 p.i. and 10 rats at day 23 p.i; and (iii) in block four, 10 rats were sampled and sacrificed at day 6 p.i. and 10 rats at day 13 p.i.
SURVIVORSHIP and FECUNDITY were analysed by using generalized linear modelling (GLM) assuming a negative binomial error distribution with dispersion parameter k (Wilson & Grenfell 1997) . SURVIVORSHIP was analysed with the number of parasitic females as the response variable and with the natural log of the inoculating dose as the offset variable to provide a per capita measure of survivorship. This form of GLM analysis is analogous to standard k-factor analysis (Begon et al. 1996) , because the GLMs will analyse changes in log survivorship and fecundity, but it has the advantage of accommodating the overdispersed nature of parasite distributions (Wilson & Grenfell 1997) . Significance of explanatory variables and their interactions were determined by using deletion testing, with the significance of a term determined by the log-likelihood ratio test, i.e. referring twice the log-likelihood difference for nested models to a 2 distribution (McCullagh & Nelder 1989) . This process of deletion testing was used to construct minimal models from significant explanatory variables and their interactions. Where an interaction term was found to be significant, the lower-order terms involved in that interaction were also retained (Crawley 1993) . FECUNDITY was similarly analysed but used the total reproductive output of an infection as the response variable and the number of parasitic females as the offset variable to give a per capita measure.
(c) Interactions in single-infected, mixed-line infections (i) High dose
Three groups of six Wistar rats (Harlan) were infected with either 1000 iL3s of a single line (two groups) or a mixture of 500 iL3s of each of two lines (one group). A dose of 1000 iL3s was chosen because (i) this reduces sampling noise in total reproductive output and (ii) we speculated that the effect of genotype interactions may be greater in high-dose infections. This is based on the observation that the effect of a host immune response on parasitic nematodes increases with the inoculating dose (Paterson & Viney 2002) . The following pairs of lines were used; ED43 and ED132; ED43 and ED248; ED43 and ED321; ED132 and ED321; ED248 and ED321. Rats were faecally sampled on days 5, 6, 9, 13, 16 and 20 p.i. to determine total reproductive output.
(ii) Low dose Three groups of eight PVG rats (Harlan) were inoculated with either (i) six iL3s of ED43, (ii) six iL3s of ED321 or (iii) a mixture of three iL3s of ED43 and three iL3s of ED248. A total dose of six iL3s was chosen to test the generality of interactions found at high doses. Rats were faecally sampled on days 5, 6, 9, 13, 16, 20, 23, 27, 30, 34 and 37 p.i . to determine total reproductive output.
(d ) Analysis of single-infected, mixed-line infections
Reproductive output (for both high and low dose infections) was analysed in a mixed model for repeated measures (Crowder & Hand 1990; Paterson 2001) . The main advantage of using a mixed model to analyse data for which there are repeat measures on individual animals is that it overcomes the problem of pseudoreplication, i.e. the correlation within a set of measures made on the same individual. Its main disadvantage is that methods are not readily available for data with a negative binomial distribution so that reproductive output is most readily analysed by using normally distributed errors after a log transformation of the response variable. Previous work has shown this to be a satisfactory model of experimental S. ratti infections (Paterson 2001) .
The reproductive output, y, for infection with line A is given as X Ai ␤ A is the fixed component, i.e. the expected value of y ij independent of the individual being measured, b i is the random component, i.e. the deviation of the expected value of y i from X Ai ␤ A specific to the individual being measured, with b i~N (0, 2 1 ) and e i is the associated error component (Crowder & Hand 1990) , with e ij~N (0, 2 e ). For infections of a mixture of lines A and B, the fixed component in equation (2.1) takes the general form
where ␥ is the effect of interaction between lines on reproductive output and is equal to zero where there is no interaction between lines. Thus, the fixed component defined by equation (2.2) is derived from the fixed terms for lines A and B in equation (2.1). Unfortunately, because of the log transformation on the response variable y, the parameters within the fixed term do not linearize and parameter estimation can only be achieved through Gibb's sampling. The infection of each line was modelled as a quadratic equation with terms for intercept, time and time squared. Parameters were estimated using Gibb's sampling in the package Bugs (http://www.mrc-bsu.cam.ac.uk/bugs). Code specific to this analysis is available from the authors on request.
The effect of interactions between lines on the level of aggregation at both high and low doses was analysed using separate GLMs assuming a negative binomial error distribution with dispersion parameter k. Separate models were fitted to each time point. At each time point, different means were fitted to each group and models were constructed that fitted either a separate k for each group or one common k to all groups (Shaw & Dobson 1996; Harvey et al. 1999) . The difference in 2 × log likelihood between these two sets of models is approximately distributed as a 2 with two degrees of freedom, which allows the significance of differences in aggregation between groups to be tested.
(e) Interactions in trickle-infected, mixed-line infections
To extend these experiments to a more natural infection process we used a trickle infection regime. Five groups of eight rats per group were infected with a total of 30 iL3s over the course of three weeks with two homogonic lines as shown in figure 1. This infection regime was used to simulate a natural infection process to give a total dose consistent with infections found in the wild (Fisher & Viney 1998) . These infections were achieved either by inoculation with a single line, by inoculation with one line followed by inoculation with a second line or by inoculation with a mixture of two lines. A total of 40 rats were infected in two equal blocks. These blocks were separated in time to maintain the number of animals used at any given time at a manageable level.
For these trickle-infections the total reproductive output will derive from the combination of up to three serial inoculations. Thus, equation (2.2) becomes
where k refers to the kth out of three serial infections. Parameter estimation was achieved through Gibb's sampling, as above. Figure 1 . Trickle infection regime. Rats were inoculated with iL3s and faecally sampled on the days shown. a These deviance values were generated by deleting the term (block or time) from a model not containing a block и time interaction term as these terms are both marginal to that interaction, i.e. the interaction term cannot be defined without the lower-order terms. p values for block and parasite line effects are given for the deletion of all blocks or all lines from the model. The coefficients of the line terms, ED43, ED391, ED399 and ED410, are expressed as contrasts with ED5, which acts as a baseline.
in the same manner as for the single-infection, mixed-line infections, as described above.
RESULTS
(a) Variability between lines in infection dynamics
We tested the hypothesis that there are significant differences in the life-history traits of different S. ratti lines. The results are shown in table 2. We found no detectable effect of time on SURVIVORSHIP, i.e. we could not detect the putative loss of parasitic females from the host gut over time. In previous work (Paterson & Viney 2002) using different infection regimes and a range of doses we have readily detected and quantified this. The failure to detect it here may be due to the low level of infection Proc. R. Soc. Lond. B (2003) (25 iL3s inoculated) used, as the per capita reduction in SURVIVORSHIP increases with inoculating dose. Additionally, of the 80 rats used in this design, 50 were sampled at day 23 p.i., which may exacerbate problems estimating an effect of time on SURVIVORSHIP given that sampling points were distributed unevenly over the time-course of the infection. Nevertheless, there were significant differences between the lines in their SURVIVOR-SHIP averaged over the course of an infection (table 2; figure 2a). We also found significant differences between the lines in their FECUNDITY (table 2), as shown in figure 2b . In addition, we detected an effect of time on FECUNDITY, although the direction of this effect varied between blocks and so its biological interpretation or relevance is unclear. No interaction between parasite line and time was observed for either SURVIVORSHIP or FECUNDITY, i.e. there were no detectable differences between lines in the rate of change of these traits with time. Significant block effects were found for both SUR-VIVORSHIP and FECUNDITY, but no interactions between parasite line and block were observed for either SURVIVORSHIP or FECUNDITY. Thus, in summary, among five isofemale lines of S. ratti we found significant differences in the life-history traits of survivorship and fecundity.
(b) Interactions in single-infected, mixed-line infections We tested the hypothesis that different lines of S. ratti interact in mixed infections, such that the reproductive output of mixed infections is greater compared with single-line infections. In single-infected, mixed-line infections we tested five pairwise combinations of lines at a total inoculating dose of 1000 iL3s. Out of these five combinations just one, that of ED43 and ED248, was signifi- figure 3 ). Table 4 shows that the term for interaction between lines, ␥, is significantly greater than zero, leading to the rejection of the null hypothesis of no interaction between lines in mixed infections. Further analysis of this finding shows that there were only 23 out of 10 000 Gibb's samples with a value of ␥ Ͻ 0 (i.e. a significance level of p Ϸ 0.0023), which remains significant after Bonferoni correction for five comparisons.
To assess the generality of this interaction between ED43 and ED248, we investigated the same mixed infection but at a lower total inoculating dose of six iL3s. With this infection regime, we did not detect any significant difference in the total reproductive output of single or mixed infections (table 5; figure 4), i.e. the null hypothesis of ␥ = 0 was not rejected. The results from these high and low inoculating dose experiments also show differences in the dynamics of the single-line infections, which supports and extends the findings presented in table 2 and figure 2. Thus, table 4 shows that the intercept terms for ED43 and ED248 (␣ ED43 and ␣ ED248 , respectively) at high inoculating dose are significantly different from each other and that the mean reproductive output of ED248 decreases more rapidly over time (modelled by the terms ␤ ED248 and ␤Ј ED248 ) than that of ED43 (as shown in figure 3 ). The same pattern is observed at a low inoculating dose (table 5; figure 4). These differences between lines appear to be correlated with development such that lines that develop predominantly by the heterogonic route (ED248 and ED321) have lower initial reproductive output and a more rapid decline in reproductive output than lines that develop predominantly by the homogonic route (ED5, ED43 and ED132 'data not shown'). tions were established using a trickle-infection regime. However, with the lines and infection regime that we used, we did not detect any difference in the reproductive output of single-and mixed-line infections (table 6 ). The statistical analyses of these trickle infections require more complicated models compared with those for single-dose infections. In the analyses of the trickle infections we note that the parameter estimates of ␣, ␤ and ␤Ј (coefficients of a quadratic equation defining the dynamics of the reproductive output with time) are poor for the second and third infections in the series of trickle infections, as shown by the large confidence intervals for these parameter estimates. However, the confidence intervals for all the other parameter estimates, including ␥ (the interaction between lines), are consistent with those found for singledose infections (tables 4 and 5).
(d ) Analysis of aggregation in mixed-line infections We tested the hypothesis that parasite aggregation is greater in mixed-line infections compared with single-line infections. We did not observe any difference in aggregation between single-and mixed-line infections. For example, the results for mixed ED43 and ED248 infections at an inoculating dose of 1000 iL3s are shown in table 7 and figure 5a. After accounting for the different Table 6 . Analysis ED43 and ED132 trickle-infected, mixedline infections. (The reproductive output of infections inoculated in the kth of three serial infections was fitted as a quadratic expansion, ␣ ϩ ␤t ϩ ␤Јt 2 , where t is days p.i. of the kth infection. Thus, the observed reproductive output from the population of parasitic nematodes within a rat for a mixed-line infection is the combination of the separate reproductive outputs for each parasitic nematode line within each separate serial infection (equation (2.3) ). ␥ is the term for interactions between lines, block is the overall difference between the first and second blocks, b is the standard deviation of between-individual variation and e is the standard deviation of residual variation. Parameter estimates shown as median and 95% confidence limits. The null hypothesis of no interaction between lines is ␥ = 0.) mean reproductive outputs between the three infection groups the inclusion of separate aggregation parameters (k) for each group was not supported statistically; i.e. the addition of group-specific aggregation parameters did not significantly reduce the residual deviance (table 7) . In common with other studies (Pacala & Dobson 1988) , there is an increase in aggregation with time in all groups at these relatively high inoculating doses (p Ͻ 0.01, Mantel test; table 7).
In mixed infections at low (six iL3s) inoculating doses the mean reproductive output of the three groups differed considerably during the infection (figure 4), but there was no difference in the level of aggregation in the groups ( figure 5b; table 8 ). There was a significant difference between the three groups in k at just one time point (day 34 p.i.), but this was not significant after Bonferoni correction for 11 comparisons. In contrast to the high-dose infections, there was no change in aggregation during time in any group. For trickle-infected mixed-line infections, maximum-likelihood estimates of k failed to converge after 20 iterations of the fitting procedure and so an analysis of aggregation was not possible for these infections. 
DISCUSSION
Here, we have examined a range of S. ratti lines for variations in life-history traits that underlie the dynamics of nematode infection. We find that lines of S. ratti do vary in their survivorship and fecundity (as defined by their per capita probability of surviving to time t and their per capita production of larvae at time t, respectively). These traits are crucial to the persistence of infection within hosts and to transmission between hosts. Such analyses have not been explicitly applied to parasitic nematodes and only to a limited extent in free-living nematodes. With the freeliving nematode Caenorhabditis elegans, a comparison of wild isolates found some variation in total lifetime reproductive output, growth rate and longevity (Hodgkin & Doniach 1997) . The organism that has been most intensively studied for life-history traits is Drosophila. Many, but not all of the studies on Drosophila show a trade-off between traits such as early and late reproduction, reproduction and longevity and longevity and development rate (Rose & Charlesworth 1981; Rose 1984; Partridge & Sibly 1991; Stearns 1992; Roff 2002) . Analogous trade-offs in parasitic nematodes are likely to provide intrinsic constraints on their reproduction and population dynamics and on the incidence and severity of nematode disease in human and animal populations.
Do our results provide any evidence of life-history trade-offs in S. ratti ? One potential trade-off is between survivorship and fecundity. We find that lines with higher survivorship tend to have lower fecundity at day 23 p.i. (ED5, ED391 and ED410) and, conversely, those with lower survivorship tend to have higher fecundity (ED43 and ED399) (figure 2). However, this intriguing observation is not statistically significant. The relatively low number of lines in this comparison makes the demonstration of any such significant trade-off unlikely. Thus, further work will have to be undertaken to substantiate or refute this possibility. Alternative approaches to investigating this could include artificial selection experiments. We speculate that other trade-offs may also occur; for example, between the number of eggs and the quality of these eggs (Lack 1947 (Lack , 1948 . This may be an important trade-off for parasitic nematodes in general and for S. ratti in particular. A major feature of Strongyloides biology is the existence of alternative development (direct, homogonic development and indirect, heterogonic development). Previous work has shown that there is substantial heritable variation in lines in the probability of larvae developing by either route (Viney 1996) . Here, we find that the total reproductive output of lines that develop predominantly by the indirect, heterogonic route (ED248 and ED321) declines during an infection more rapidly than that for lines that develop by the homogonic route of development (ED43 and ED132; figures 3 and 4). Consequently, the total number of eggs produced over the course of an infection in those lines that develop predominantly by the heterogonic route is fewer than that for lines that develop predominantly by the homogonic route. This may indicate that homogonic lines invest greater resources in total into egg production than heterogonic lines. However, this observation is also consistent with a situation in which parasitic females, with finite resources available to be invested into eggs, invest greater resources into eggs des- We have also used different lines of S. ratti to examine the effect of mixed-line infections, under different infection scenarios, on the reproductive output of infections. Here, we have found some, but limited, evidence of an effect of mixed-line infections on the reproductive output of infection. Mixed-line infections are likely to be a common feature of nematode infection. Indeed, given the overdispersion of natural nematode infections, the majority of a parasite population is likely to be in mixedline infections (Fisher & Viney 1998 ). Further, a major, adaptable component of the environment of parasitic nematodes is the immune response of their hosts. It is therefore not unreasonable to imagine that there are effects of mixed-line infections, possibly mediated by the host immune response, on the dynamics of nematode infection.
The parameter space in which to investigate mixed-line infections is huge. In the area that we looked we found only one case, a single, high-dose infection of ED43 and ED248, where the mixed-line infection had a greater reproductive output compared with single-line infections. In other pairwise, mixed-line infections in single-or trickle-infected infections we did not observe differences between mixed-and single-line infections. In addition, we did not find any evidence of differences in levels of parasite aggregation in mixed-or single-line infections. The infection regimes and combinations of parasite lines used in this study are not exhaustive and we cannot exclude the possibility that other combinations of lines in other infection regimes do interact. However, our findings so far would suggest that even if these interactions exist they are unlikely to be a sufficiently widespread phenomenon to be a major feature of Strongyloides biology. These results need to be extended to other species of parasitic nematodes to determine whether interactions between different parasite lines play any part in the epidemiology or evolution of parasitic nematodes.
Understanding life-history traits, particularly survivorship and fecundity, in parasitic nematodes has a direct relevance to understanding the epidemiology of nematode infections and controlling the diseases that they cause. Thus, the persistence of an infection is directly related to the ability of a nematode to survive within a host and the transmission of infection is directly related to nematode fecundity. By extension, any chemotherapeutic, vaccination or public health strategy that limits nematode sur- vivorship and fecundity will limit the incidence and severity of nematode disease. A further, major advantage of analysing life-history traits explicitly is that it allows a large body of ecological theory on life-history evolution to be applied to parasitic nematodes. Various epidemiological models already use the life-history traits survivorship and fecundity to analyse the dynamics of parasite populations (Anderson & May 1992; Grenfell et al. 1995) . However, these models are not framed explicitly within the context of life-history theory. In particular, we are not aware of epidemiological models that consider variation in life-history traits or trade-offs between life-history traits in parasitic nematodes. Further development of epidemiological models in these areas, accompanied by field and laboratory studies are required. These will provide significant advances in our understanding of the processes that have shaped the evolution of life-history traits in parasitic nematodes, the forces that maintain genetic diversity in these traits and the role of trade-offs between life-history traits to provide natural constraints on nematode infections.
